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Abstract
Under physiological and pathological conditions, cells experience large forces and deformations that
often exceed the linear viscoelastic regime.Herewe drive CD34+ cells isolated fromhealthy and
leukemic bonemarrows in the highly nonlinear elasto-plastic regime, by poking their perinuclear
regionwith a sharpAFMcantilever tip.Weuse thewavelet transformmathematicalmicroscope to
identify singular events in the force-indentation curves induced by local rupture events in the
cytoskeleton (CSK).We distinguish two types of rupture events, brittle failures likely corresponding to
irreversible ruptures in a stiff and highly cross-linkedCSK and ductile failures resulting fromdynamic
cross-linker unbindings during plastic deformationwithout loss of CSK integrity.We propose a
stochasticmultiplicative cascademodel ofmechanical ruptures that reproduces quantitatively the
experimental distributions of the energy released during these events, and provides some
mathematical andmechanistic understanding of the robustness of the log-normal statistics observed
in both brittle and ductile situations.We also show that brittle failures are relativelymore prominent
in leukemia than in healthy cells suggesting their greater fragility.
1. Introduction
As the elementary building block of living systems, cells are activemechanicalmachines that constantly remodel
their structural organization towithstand forces and deformations and to promptly adapt to theirmechanical
environment [1, 2]. This versatility is fundamentally required formany vital cellular functions, and an alteration
of the cellmechanical properties can participate in pathogenesis and disease progression [3, 4]. Identifying under
which conditions is themechanical resilience of living cells compromised is therefore a critical issue. Signiﬁcant
progress in the past decades has provided a rather complete picture of the linearmechanical response to small
applied stresses or strains [5–11]. However, cells are often subject to large deformations and reach nonlinear
regimes that are far frombeingwell understood [8, 9, 12–14]. The fascinatingmechanical properties of living
cells aremediated by the cytoskeleton (CSK), a dynamic network ofﬁlamentous proteins composed of actin
ﬁlaments,microtubules, and intermediate ﬁlaments [7–9, 15–17]. The actinﬁlaments are cross-linked by awide
variety of actin binding proteins (ABPs) [7–9, 12, 15–18]. By tuning the proportions of passive and active ABPs,
living cells can control their power-law (scale-free)CSK rheology [7, 19]. Interestingly, cells exhibit both solid
and liquid-like properties. Solid-like behavior is associatedwith strongly cross-linked actin ﬁlaments which
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resist sliding and accumulate tension (ﬁmbrin and fascin are compact cross-linking proteins that create parallel-
aligned actin networks (actin bundles) and are found in stiffermembrane protusions ofﬁlopodia [20, 21]). In
contrast, weakly cross-linking proteins produce actinﬁlaments which slidemore readily, enabling the network
toﬂow as a liquid (α-actinin andﬁlamin-A are less compact and formnetworks withmorewidely spaced and
orthogonally aligned actinﬁlaments[22]). All these actin cross-linking and/or bundling proteins work
cooperatively or competitively, for instance fascin andα-actininwere recently shown to segregate into discrete
bundled domains that are speciﬁcally recognized by other ABPs [23]. Under nonlinear loading conditions, living
cells can display apparently opposite behaviors ranging from stress stiffeningmainly governed by ﬁlament and/
or cross-linker nonlinear elasticity [8, 9, 12, 13], to stretch softening andﬂuidization likely due to force-induced
unbinding of ABPs [8, 9, 14]. This paradox can be solved by considering that, upon large deformations, theCSK
of a living cell can undergo deep structural transformations such as the unfolding of protein domains, the
unbinding of cytoskeletal cross-linkers, and the breaking of weak sacriﬁcial bonds. All these structural changes
are inelastic (non-reversible in a strict sense), they dissipate locally the elastic energy of theCSKnetwork
(structural damping) [24, 25]. Unbinding events and bond breakings confer living cells with the unique ability to
adapt to differentmechanical situations by actively controlling the amount of stress stiffening and ﬂuidization
[24, 26]. At the same time, such events reduce the connectivity of the CSK andmay result in permanent plastic
deformations or evenmore dramatic irreversible failures [8, 9]which, for instance, could be at the origin of the
recently observed incomplete shape recovery of living cells after repeated creep [27]. These effects are
reminiscent of those in cyclically loaded solids which can lead to fatigue-induced failure [28–30].
In this paper, we use a nanoindentation (AFM) technique [31–35] to experimentally investigate the
nonlinearmechanical plasticity of single immature CD34+hematopoietic cells fromhealthy donors and
patients suffering from chronicmyelogenous leukemia (CML) in chronic phase (CP) harvested at diagnosis [36].
Classical analysis of force-indentation curves (FICs) aims at estimating an elasticmodulus byﬁtting the curves
with linear elasticmodels [37, 38]. Here, in contrast, we engineer a wavelet-basedmulti-scalemethod [36, 39] to
identify singularities in the FICs that likely correspond to rupture events in theCSK.Our study provides
compelling evidence of the existence of two distinct populations of avalanche rupture events, that we identify to
ductile (corresponding toweakly cross-linked ﬁlaments) and brittle (corresponding to tightly cross-linked
ﬁlaments) failures. Bothmechanisms display fat-tail distributions of released energy well approximated by log-
normal distributions. This is surprising given the ubiquity of power-law statistics for avalanches in solids
[28–30].We develop aminimalmodel that reproduces quantitatively the experimental released energy
distributions, and provides somemechanistic interpretation of both the ductile and brittle rupture regimes.
Despite this phenomenologicalmodel does not take into account the visco-elasticity of individual polymer
chains constituting theCSKﬁlaments, it sheds a new light on the local unbinding events as amajormechanism
underlying the nonlinear response of living cells to large deformations and it further shows that brittle failures
aremore frequent inCML cells as the signature of their highermechanical fragility.
2. Results
2.1. Nanoindentation of living hematopoietic primary cells
CMLarises from a hematopoietic stem cell transformation following the formation of the BCR-ABL oncogene
by a single reciprocal chromosomal translocation t(9;22) [40]. In CML, BCR-ABL+ cells of themyeloid lineage
proliferate uncontrollably, the bonemarrowdensity increases considerably, and theirmechanical properties
change during disease progression [41]. In transformed cells [42], BCR-ABLwas shown to bind actinﬁlaments,
to inhibit their polymerization and to disorganize theCSK into punctuate, juxtanuclear aggregates [43–45].We
usedAFM to indent single hematopoietic puriﬁedCD34+ cells fromCP-CMLpatients at diagnosis and healthy
donor bonemarrows [36] (see appendix A).We indented the cells bymoving vertically the AFMcantilever
(ﬁgure 1(a)) toward their perinuclear central region (ﬁgure 1(b)), at constant speedV0=1 μm s
−1 until a
cantilever set-point force was reached. Then the cantilever waswithdrawn from the sample at the same constant
speed (−V0) back to its starting position (ﬁgures 1(c) and (d)). From these indentation experiments, the cell
shear relaxationmodulusG(Z)was estimated as the second-order derivative of the FIC (see equation (B13) in
appendix B) [36, 39]. From the approach and retract FICs, the initialGi and globalGg shearmoduli, and the
dissipation lossDlwere retrieved (see ﬁgure S1 is available online at stacks.iop.org/NJP/20/053057/mmedia
and supplementalmaterial11).When these FICs do not superimpose (ﬁgures 1(c) and (d)),Dl quantiﬁes the
percentage of work not restituted during retract and dissipated partly as viscous loss [31, 36]. Interestingly, the
experimental FICs display ﬂuctuations that locally exceed the background thermal ﬂuctuations of the AFM
cantilever [36] (ﬁgures 1(c) and (d)).We developed awavelet-based detectionmethod of these singular events
11
See supplementalmaterial for the estimation of globalmechanical parameters fromFICs and 15 additional ﬁgures.
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that amounts to detect local curvatureminimaGm andmaximaGM in the FICs (ﬁgures 1(e) and (f)) (see also
appendix B, andﬁgures S2 and S3 (see footnote 11)). For each disruption event, we computed the force dropΔF,
the penetration lengthΔZ, and the released energyE=ΔF.ΔZ (ﬁgure 1(e)). FICswithout disruption events
were not included in the statistics.
2.2.Ductile versus brittle rupture events
Wecollected two large sets of single cell FICs from5CP-CMLpatients (1301 FICs—49 cells) and 5 healthy
donors (1671 FICs—60 cells).We detected 6161 singular rupture events distributed on 1153 FICs inCP-CML
cells as compared to 6765 rupture events distributed on 1111 FICs in normal cells. Thus only 11.4% (148/1301)
of FICs do not display rupture events for CML cells which is signiﬁcantly lower than 33.5% (560/1671) for
normal cells. The computation of the normalized histograms (p.d.f. for probability density function) of ZD ,
ΔF, andE of these rupture events, revealed rather wide distributions with fat-tail (see ﬁgure S4 (see footnote
11)).When focusing onΔZ (nm), which can also be interpreted as the time durationΔt=ΔZ/V0 (ms) of the
rupture event, we got very satisfactory ﬁts of the p.d.f. of Zlog10 D( )with the sumof two distinct Gaussian
distributions (see equation (B14) in appendix B) for both normal andCML cells (ﬁgures 2(a) and (b)). Thus, we
identiﬁed two populations of rupture events, a subpopulation 1 of rather short duration ( t 30 ms1D ~ ) and
weakly penetrating ( Z 30 nm1D ~ ) failures, and a subpopulation 2 of longer ( t 50 ms2D ~ ) and deeply
penetrating ( Z 50 nm2D ~ ) failures. Butwhat distinguishes CML fromnormal cells is the higher percentage
(α=0.34 compared to 0.26) of the larger rupture events (subpopulation 2) in theCP-CML cells, as an
indication of their greatermechanical brittleness.
When investigating the correlations betweenΔZ,ΔF andE, we found a rather strong correlation between
Flog10 D( ) and Zlog10 D( ) for both theCML (Pearson’s correlation coefﬁcient r=0.68) and the normal
(r=0.62) cells. Log10 (E) and Zlog10 D( )were also found signiﬁcantly correlated inCML (r=0.83) and in
normal (r=0.80) cells. These correlations issue from the existence of two clouds of points in the respective
scatter plots (ﬁgures 2(c) and (d)), corresponding to subpopulation 1 of small indentation depth, short duration,
Figure 1.Principle of living cell indentation and detection of rupture events with anAFMcantilever tip. (a) Sketch of the AFM set up.
(b)Microscopy transmission image of the perinuclear central region of an hematopoietic cell probed by the cantilever tip. Scale bar:
10 μm. (c)Typical approach (red) and retract (green) FICs collected on aCMLhematopoietic cell (CP-CMLpatient). (d) Same as (c)
but for a normal hematopoietic cell (healthy donor). (e)Zoomon (c) around a disruption event. (f)Corresponding second-order
derivativeG(Z) of the FIC (see equation (B13) in appendix B) computedwith awavelet of size w s2 2 42 nm= = ; the localminima
Gm (resp.maximaGM) of F Zd d2 2 corresponding to a strong negative (resp. positive) curvature of the FIC aremarkedwith black
triangles (resp. dots). In a close neighborhood ofGm andGM, the localmaxima andminima of the FIC are detected andmarkedwith
blue triangles and dots in (c) and (e). The force dropΔF of a disruption event is corrected by taking into account the increasing
behavior of the FIC (linear dashed–dotted line in (e)).
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small force drop and low released energy failures, and to subpopulation 2 of large indentation depth, long
duration, large force drop and high released energy failures.Wewill classify the former as ductile and the latter as
brittle rupture events.
2.3. Log-normal statistics of released energy during rupture events
The pertinence of the ﬁtting of the p.d.f. of Elog10( ) (ﬁgure 2(e)) by the sumof 2Gaussians is compellingwhen
using a logarithmic representation (ﬁgure 2(f)). For theCML cells, when ﬁxing the relative percentages of ductile
(1−α=0.66) and brittle (α=0.34) rupture events as previously estimated, we obtained the parameter values
reported in table 1with the following arithmetic and geometricmeans E 2161 = kBT (resp. E 15472 = kBT),
Figure 2. Statistical analysis of the indentation depths (nm), force drops (nN) and released energies (kBT) of disruption events. These
parameters were obtained from local disruption events collected from the FICs of the two sets of CML (red) and normal (blue) cells.
(a)Normalized histograms of Zlog ;10 D( ) the dots represent the experimental data and the continuous lines the corresponding ﬁts by
the sumof 2Gaussian distributions (see equation (B14) in appendix B)with parametersα=0.34, andμ1=1.49,σ1=0.07
corresponding to the followingmeans Z 31 nm1D = and Z 31 nm1D =~ (red dotted–dashed line),μ2=1.67,σ2=0.18, i.e.,
Z 51 nm2D = and Z 47 nm2D =~ (red dotted line) for CML cells, andα=0.26, andμ1=1.47,σ1=0.06, i.e., Z 30 nm1D = and
Z 29 nm1D =~ (blue dotted–dashed line),μ2=1.70,σ2=0.15, i.e., Z 53 nm2D = , and Z 50 nm2D =~ (blue dotted line) for
normal cells. (b) Same as (a) but in a logarithmic representationwhereGaussians become parabolae. (c) Scatter plot of Flog10 D( )
versus Zlog ;10 D( ) each red (resp. blue) dot corresponds to a rupture event in a CML (resp. normal) FIC; whenever a red dot and a blue
dot superimpose theywere turned into black. (d) Scatter plot of Elog10( ) versus Zlog10 D( ). (e)Normalized histograms of Elog ;10( )
same representation as for Zlog10 D( ) in (a); the parameters of theﬁt with the sumof 2Gaussian distributions are for CML cells:
α=0.34 andμ1=2.15,σ1=0.40,μ2=2.89,σ2=0.51, and for healthy cells:α=0.26, andμ1=2.14,σ1=0.34,μ2=2.87,
σ2=0.41 (table 1). (f) Same as (e) but in a logarithmic representation.
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and E 1411 =˜ kBT (resp. E 7762 =˜ kBT). For normal cells, when ﬁxingα=0.26 (1−α=0.74), we endedwith
consistent parameter values (table 1)with E 1881 = kBT (resp. E 11582 = kBT), and E 1381 =˜ kBT (resp.
E 7412 =˜ kBT). Note that the standard deviations of theGaussian distributions for Elog10( ) are slightly larger for
CML than for normal cells and this for both ductile and brittle events.
When comparing themean released energies during ductile (∼200 kBT) and brittle (∼1300 kBT) rupture
events to the dissociation energies ofα-actinin/actin binding (∼4.3 kBT) and ofﬁlamin/actin binding
(∼3.6 kBT) [46], we obtain rough estimates for the number of ABPunbindings during ductile (∼50) and brittle
(∼325) rupture events. Thus,more than 6 times energy is released during brittle failures that last (∼50 ms)not
more than twice the duration (∼30 ms) of ductile failures,meaning that themean rate of released energy is
signiﬁcantly higher during brittle failures. Interestingly, the computation of the globalGg and initialGi shear
moduli (see ﬁgure S1 (see footnote 11)) conﬁrms that CML cells are stiffer (G 1.13 0.31g =  kPa,
G 0.77 0.26i =  kPa) than normal ones (G 0.42 0.05g =  kPa,G 0.28 0.05i =  kPa) [36]. In particular,
about 37%of FICs bearmean shear relaxationmoduli (Gg) larger than 1kPa inCML cells with very low (7%)
counter part in normal cells (seeﬁgure S5 (see footnote 11)). Altogether, these observations show that CML cells
display a signiﬁcant proportion of highly tensed perinuclear zones propitious to localized brittle failures by
disruption of cross-linkedCSK domains impeding complete shape recovery after deformation. This
interpretation is strengthened by the experimental observation of an important structural alteration of the actin
CSKof immature TF1 cells consecutive to BCR-ABL oncogene transduction. In particular, confocal
ﬂuorescencemicroscopy revealed that in thismodel of humanCML [40–45], juxtanuclear actin aggregates were
found in almost 30%of the BCR-ABL-transduced TF1 cells at the expense of the cortical F-actin [43, 45]
(ﬁgure 3(b)). Very likely, these solid structures were induced by the oncogene since theywere rarely observed in
the parental TF1 cell line (ﬁgure 3(a)).
3. Computationalmodel
To account for the observed log-normal released energy distributions (ﬁgures 2(e) and (f)), we propose a
multiplicative cascade description of CSK failure events that is inspired frompioneeringworks on population
growth dynamics [47–49].
3.1. Fat tail probability distribution functions: log-normal versus power-law distributions
P.d.f.s with heavy tails have beenwidely observed in various domains of fundamental and applied sciences [50].
Themost popular fat-tail distributions are power-law and log-normal distributions that often have been
considered as competingmodels of experimental data [48, 49]. Power-law distributions are commonly thought
to be a statistical characteristics of systems that display space and/or time scale invariance properties [50]with as
notable examples scale-free networks [51] and self-organized critical systems [52–54]. Log-normal distributions
are paradigmatic fat-tail distributions generated by self-similar fragmentation andmore generallymultiplicative
processes [55, 56]with as historical example the energy cascademodel of fully developed turbulence [57]. But, as
originally proposed byKesten [47], power-law and log-normal distributions are indeed intrinsically connected
when combiningmultiplicative and additive randomprocesses:
Table 1.Distributions of energy released during ductile and brittle rupture events in normal andCML cells: simulations versus experiments.
Characteristics (N ,σN, Elog10m = ( ), Elog10s s= , E , E˜) of the numerical cascades simulatedwith equation (2) for parameters values a0, aˆ,
ΔE0=12 kBT, E 4*D = kBTversus experimental data (ﬁgures 2(e) and 2(f)).
Normal Cells CMLCells
Ductile
Model parameters a0=1.3, a 15=ˆ ,Δa=0.39 a0=1.3, a 15=ˆ ,Δa=0.48
Simulations N 9= ,σN=3 N 8= ,σN=4
μ1=2.17,σ1=0.31 μ1=2.13,σ1=0.38
E 1911 = kBT, E 1481 =˜ kBT E 1981 = kBT, E 1351 =˜ kBT
Experiments μ1=2.14,σ1=0.34 μ1=2.15,σ1=0.40
E 1881 = kBT, E 1381 =˜ kBT E 2161 = kBT, E 1411 =˜ kBT
Brittle
Model parameters a0=1.3, a 46=ˆ ,Δa=0.35 a0=1.3, a 53=ˆ ,Δa=0.38
Simulations N 21= ,σN=7 N 22= ,σN=8
μ2=2.84,σ2=0.42 μ2=2.92,σ2=0.47
E 11042 = kBT, E 6922 =˜ kBT E 14942 = kBT, E 8322 =˜ kBT
Experiments μ2=2.87,σ2=0.41 μ2=2.89,σ2=0.51
E 11582 = kBT, E 7412 =˜ kBT E 15472 = kBT, E 7762 =˜ kBT
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S a S b , 1t t t t1= +- ( )
where St is the size of a population at time t, at the randompositive growth factor, and bt a small positive random
increment. In the absence of the additive bt term, one recovers themultiplicative Gibrat’s law [58] of
proportional growthwhich is nothing but a randomwalk in log-size leading to a log-normal distribution of St.
But this distribution is not stable sincewhen the time increases the process St either asymptotically shrinks
stochastically to zero ( aln 0t <( ) ) or diverges to inﬁnity ( aln 0t >( ). Kesten [47] showed that provided
( aln 0t <( ) ), adding the randomvariable bt prevents the divergence of the log-normal distribution of Stwhich
progressively switches and converges to a stationary power-law distributionwith exponentα given by the strictly
positive solution of the equation a 1t =a .
3.2. A log-normal released energy cascademodel
Ourmodel of CSK cascading rupture events is deliberately reductionist with aminimal number of parameters.
At the cascade step n+1, the energy releasedΔEn+1 satisﬁes aGibrat’smultiplicative law [58], meaning that it
can be expressed as a percentage of the energyΔEn released at the previous cascade step:
E a E a a a, with e , , 2n n n n n a1 0 2D = D ~ D+ -( ) ( )ˆ
where an is aGaussian randomvariable with initial value a0>1, whosemean an decreases exponentially (CSK
structural relaxation)with a characteristic depth aˆ and aﬁxed standard deviation aans = D . Note that the
relationship between the cascade index n and time is not deﬁned in ourmodel since there is no reason a priori to
assume that theCSK rupture cascade steps occur at regular time intervals. Starting from some initiation
thresholdΔE0,ΔEnwill asymptotically tend to zero because of the exponentially decreasingmultiplicative
constant anwhichwill become smaller than 1 after some ﬁnite number of steps. The cascadewill endwhen
E EN 1 *D < D+ , where E 0* D is a cascade arrest energy cut-off. During theN steps of the CSK rupture
cascade, the total released energy is:
E E . 3
n
N
n
1
å= D
=
( )
Our randomcascademodelmainly depends on three parameters: a0, aˆ andΔa.N is a randomvariable that
depends on the realization of the cascade. Its p.d.f. P(N) is well approximated by aGaussian distribution
(ﬁgure 4). To account for the experimental data, all our simulations of the released energy cascademodel deﬁned
by equation (2)were performed for rather small values ofΔa= 1. In this limit,E (equation (3)) can be
approximated by:
E E a E ae e . 4
n
N
n
i
n i a
n
N
n i a
0
1
0 1 0
1
0
i
n
1å åP = å
=
= -
=
- = ( )ˆ ˆ
Figure 3.Cytoskeleton structure of TF1 cells revealed by confocalmicroscopy. (a)Parental TF1 cells. (b)TF1hematopoietic cells after
transfection by theCMLBCR-ABL oncogene. F-actinwas labeledwith phalloidin-rhodamin (red), and the nuclei were labeledwith
DAPI (blue). Immunoﬂuorescence images were taken using a confocalmicroscope onﬁxedTF1 andTF1-BCR-ABL adherent cells on
ﬁbronectin (see appendix A). Scale bar: 20 μm.
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From thewell known identity i n n 1 2i
n
1å = += ( ) , we get
E E a e . 5
n
N
n
0
1
0
n n
a
1
2å
=
- + ( )( )ˆ
Thus a good approximation of themean ofE can be obtained by replacingN by the nearest integer N[ ]of its
mean N in equation (5):
E E a e . 6
n
N
n
0
1
0
n n
a
1
2å
=
- + ( )
[ ]
( )
ˆ
We recall that the p.d.f. of the random variableNwas shown to bewell approximated by aGaussian (ﬁgure 4).
Now from the Taylor expansion of E E S S Sln ln= + -( ) ( ) ( ) atﬁrst order, we can showby taking the
ensemble average on both sides of this equation that Eln( ) is well approximated by
E Eln ln . 7»( ) ( ) ( )
Wehave conﬁrmed numerically the pertinence of this approximation in all our simulationswith a rather
good accuracy (<5%error). Now, if we assume that the energy cascade endswhen the difference between EnD
and the thresholdΔE* is of the order ofΔa, i.e. a K ae N a D- ˆ , then
N a
a
K a
ln , 80D ⎜ ⎟
⎛
⎝
⎞
⎠ˆ ( )
whereK is a constant that has been numerically estimated of order 1 (e.g.K=1.52±0.05 for a0=1.3, a 45=ˆ
andΔa=0.36, see ﬁgure 5). Equation (8) shows that themean size N of the energy cascade increases as
expectedwhen increasing a0 and aˆ, but decreases when increasingΔa, since the probability to have a
E En *D < D after a limited number n of cascade steps increases (see ﬁgure S6 (see footnote 11)).
3.3. Theoretical considerations based onBeaulieu’smathematical results
In our simulations, weﬁxed a0=1.3 and started iterating equation (2)with the initial thresholdΔE0=12 kBT.
Note thatΔE0 is amultiplicative factor that only shifts the p.d.f. of Elog10( )without affecting its shape.When
Figure 4.Distributions of the number of stepsN of the log-normal rupture cascademodel. P.d.f. ofN computed from1.2 × 106
realizations of themultiplicative process deﬁned by equation (2), for parameters values given in table S1 (see footnote 11). (a)Ductile
rupture events in normal (blue) andCML (red) cells. (b) Semi-log representation. (c)Brittle rupture events in normal (blue) andCML
(red) cells. (d) Semi-log representation.
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using the cut-off E 0*D = ( E n0,nD > " ), after some transient (n5), the p.d.f. ofΔEn obtained from
1.2×106 realizationswith parameter values a 45=ˆ andΔa=0.36 is well approximated by a log-normal
Gibrat’s law [58], as expected frommultiplicative process (ﬁgures 5(a) and (b)).What ismore surprising is the
fact that the sumE of these log-normal variables turns out also to bewell approximated by a log-normal
distribution and not by a normal distribution as expected from the central limit theorem. Indeed, this theorem
does not apply since the randomvariablesΔEn are not only not identically distributed but correlated. Beaulieu
[59] has recently proved an extended log-normal limit theorem that states that the limit distribution of the sum
of nonidentically distributed correlated log-normal random variables is a log-normal distribution.When
investigating how the energy E En n
n
n1*
*= å D= , released during the ﬁrst n* steps of the cascade converges to the
total released energy EN, we conﬁrmed a rather fast convergence to an asymptotic log-normal distribution
(ﬁgures 5(c) and (d)).When numerically simulating surrogated uncorrelated released energy cascades where at
each step,ΔEn is randomly generatedwith the p.d.f. P(ΔEn) (ﬁgure 5(a)) but independently of the previous
cascade steps, then the sum En* no longer converges to a log-normal distribution but to a normal distribution as
Figure 5.Released energy (kBT)distributions simulatedwith the log-normal rupture cascademodel. (a)P.d.f. of Elog n10 D( ) computed
from 1.2×106 realizations of themultiplicative process deﬁned by equation (2), for parameters values: a0=1.3, a 45=ˆ ,
Δa=0.36,ΔE0=12 kBT andΔE
*=0. The colors correspond to n=5 (yellow), 20 (red), 35 (dark green), 50 (cyan);P(E) (black) is
shown for comparison. (b) Same as (a) but in a logarithmic representation. (c)P.d.f. of Elog n10 *, where E En n
n
n1*
*= å D= for n*=5
(light blue), 15 (dark blue), 25 (cyan) andN (black). (d) Same as (c) but in a logarithmic representation. (e) Same as (c) but for surrogate
uncorrelated released energy cascades (see text). (f) Same as (e) but in a logarithmic representation. In (e) and (f), P EN( ) (black) has the
samemeaning as in (c) and (d) respectively.
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expected for uncorrelated randomvariables (ﬁgures 5(e) and (f)). This theoretical argument suggests that the
log-normal distribution observed experimentally (ﬁgures 2(e) and (f)) are evidence that the different cascade
steps of ABP unbinding are correlated. This theoretical understanding applies to all the numerical simulations
reported in this study, for ductile and brittle rupture events, in normal aswell as inCML cells (table 1,ﬁgures 6
and 7).
3.4.Mechanistic interpretation of ductile and brittle rupture events
Weperformed numerical simulations of the released energy cascademodel to reproduce quantitatively the p.d.fs
ofE obtained for both normal andCML cells (ﬁgures 2(e) and (f)) (see appendix C). To this end, the p.d.f.s
corresponding to ductile and brittle rupture events were disentangledwith a two component Gaussianmixture
model (see appendix B).When ﬁxingΔE0=12 kBT andΔE
*=4 kBT (characteristic unbinding energy of
ABPs [46]), sets of parameters (a0, aˆ,Δa) values (table 1)were found providing quite satisfactory ﬁts of the
experimental released energy distributions (ﬁgure 6). For ductile rupture events, themean number of cascade
steps is rather limited for normal (N 9= ) aswell as CML (N 8= ) cells and correspond to lowmean released
Figure 6.Computedmodel simulations of the p.d.fs P(E) of energy (kBT) released during rupture events in normal (blue) andCML
(red) cells. Ductile rupture events: (a) semi-log representation; (b) log–log representation. Brittle rupture events: (c) semi-log
representation; (d) log–log representation. All rupture events: (e) semi-log representation; (f) log–log representation. The triangles (!)
represent the experimental data (ﬁgures 2(e) and (f)); ductile and brittle rupture event log-normal p.d.fs were disentangled using a
classical two componentGaussianmixturemodel (see appendix B). The curves represent the prediction of the released energy cascade
model deﬁned by equation (2); the corresponding sets ofmodel parameters are given in table 1.
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energy values E and likely to a few tens of ABPunbindings (N E 4unb ~ ( kBT)) for normal (E 191= kBT,
N 48unb ~ ) andCML (E 198= kBT, N 50unb ~ ) cells. For brittle failures, ourmodel predictsmore expanded
cascades with signiﬁcantly larger values of N , E and Nunb for both normal (N 21= , E 1104= kBT,
N 276unb = ) andCML (N 22= , E 1494= kBT, N 373unb ~ ) cells (table 1). Besides conﬁrming that brittle
rupture events involvemoreABP unbindings than ductile ones, our rupture cascademodel also predicts that the
rate of energy released during the ﬁrst cascade steps EnD and themaximum reached before the exponential
decrease to zero for large n aremuch higher for brittle than for ductile rupture events (ﬁgure 7(a)). Interestingly,
when adimensionalizingΔEn by amean released energyE/N per step and n by the total number of cascade steps
(ﬁgure 7(b)), the numerical data obtained for ductile events in normal andCML cells superimpose and display a
slow increase from∼0.9 to∼1.3 during the ﬁrst part of the cascade before decaying toward the energy cut off. For
brittle events, the numerical data for normal andCML cells again superimpose (ﬁgure 7(b)), but now exhibit an
initial three-fold increase from∼0.5 to∼1.5. This initial acceleration of ABPunbindings from∼2–3 to reach
values as high as∼15–20 unbindings per cascade step in brittle events conﬁrms the existence of some correlation
between the ABP unbindings of successive cascade steps that likely results in a collective local disorganization
and possible disintegration of theCSK. In comparison, the smoother released energy cascadewith only a few
ABPunbindings (up to 5) at each cascade step strengthens our interpretation of ductile rupture events asmore
dynamical and reversible stress-induced cross-linker unbindings that would confer to the cell ductile plasticity
to large deformations.We have simpliﬁed the discussion here by considering only one energy;4 kBT for the
actin cross-linker unbinding events, and grouping the brittle and ductile failures into two groups involving a
different number of cross-linker unbinding events. Actually we could have also considered that the actin CSK
network includes two populations of cross-linking proteins, namelyweak cross-linking proteins that give a
ductile failure and tight cross-linking proteins leading to brittle failures. The important physical quantity that is
quantitatively predicted by themodel is the total energy E released during a cascade of rupture events.
We refer the reader to the supplementalmaterial (see footnote 11)where numerical simulations performed
with different thresholdΔE0 (12 and 16 kBT) and arrest cut-offΔE
* (0 and 4 kBT) (see tables S1–S3, andﬁgures
S9–S15 (see footnote 11)) conﬁrm the robustness of our rupture cascademodel predictions.
4.Discussion
By developing aminimal rupture cascademodel, we have identiﬁed two distinct populations of singular events
in FICs that both correspond tomechanical failures of theCSKwith correlated log-normal statistics of released
energy. Aﬁrst type of singular events is associatedwith rathermoderate released energy (E 200~ kBT) and
likely corresponds to dynamical stress-induced cross-linker unbindings that confer to the cell a ductility
preserving the perinuclear CSK architecture. In contrast, the second type of singular events is associatedwith
more dramatic failures that release signiﬁcantly higher energy (E 1300~ kBT) as the signature of irreversible
brittle disruption of theCSK integrity in highly tensed perinuclear zones. Besides providing quantitative robust
modeling of the observed log-normal statistics, thismodel predicts that (i) the number of cascade steps, and in
Figure 7.Model predictions for the energy released rate per cascade step (kBT/step). (a) EnD versus n. (b) E E NnD ( ) versus n/N.
The continuous (resp. dotted–dashed) lines correspond to brittle (resp. ductile) rupture events. The colors correspond to normal
(blue) andCML (red) cells. The corresponding sets ofmodel parameters are given in table 1.
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turn the number of cross-linker unbindings, is signiﬁcantly higher in brittle than in ductile failures, (ii) the
released energy increases during the ﬁrst cascade steps until amaximumvalue that is signiﬁcantly higher in
brittle than in ductile failures, and (iii) the rate of released energy during theseﬁrst cascade steps is also
signiﬁcantly higher in brittle than in ductile rupture events. Thismodel further conﬁrms that brittle failures are
more frequently observed inCP-CML than in healthy cells as the signature of their highermechanical fragility
under large and fast strain.We anticipate that themechanistic description provided by ourminimal rupture
cascademodel will apply quite generally to other cell types in physiological and pathological situations [60] and
to other nonactive softmatter or solid systems such as biopolymer gels and glassymaterials [61]. Thisminimal
model is a very promising ﬁrst attempt that will be used as a guide for future 2D and 3D simulations, aiming at
elucidating the impact of CSKnetwork architecture on the rupturemechanics of living cells.
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AppendixA. Experimental protocols
A.1. Cell culture and adhesion assay
After informed consent in accordancewith theDeclaration ofHelsinki and local ethics committee bylaws (from
theDélégation à la recherche clinique desHospices Civils de Lyon, Lyon, France), bonemarrow samples were
obtained fromCP-CMLpatients at diagnosis and fromhealthy allogeneic donors.Mononuclear cells were
separated using a Ficoll gradient (Bio-Whittaker) andwere then subjected toCD34+ immunomagnetic
separation (Stemcell Technologies). The purity of the CD34+ enriched fractionwas checked by ﬂow cytometry
andwas over 95%on average. Selected bulkCD34+ cells were seeded at 6×105 cells ml−1 and cultured in
serum-free Iscove’sModiﬁedDulbecco’sMedium (Invitrogen) in the presence of 15%BSA, insulin and
transferrin (Stemcell Technologies) supplementedwith 10 ng ml−1 interleukin-6 (IL-6), 50 ng ml−1 stem cell
factor, 10 ng ml−1 IL-11 and 10 ng ml−1 IL-3 (Peprotech).
To question the possiblemodiﬁcations ofmechanical properties of immature hematopoietic cells upon
oncogene expression, we have used the TF1 cell line transducedwith the BCR-ABL oncogene as a uniquemodel
of CML cells that reproduces the early steps of stem cell transformation [40–44, 62–67]. In CMLparticularly,
BCR-ABL is known for its ability to decrease progenitor cell adhesion to stroma [42, 68, 69]. By performing
adhesion assays, we observed that BCR-ABL transduction has no effect on the percentage of adhesion of TF1
cells onﬁbronectin-coated surfaces (data not shown) [70]. This is according to the fact that TF1 cells are
representative of very immature cells rather than progenitors ofmore differentiated cells. The immature CD34+
TF1 cell line (ATCCCRL-2003)wasmaintained at 1×105 cells ml−1 in RPMI-1640medium, 10% fetal calf
serumand granulocytemacrophage colony-stimulating factor (10 ng ml−1) (Sandoz Pharmaceuticals).
Engineered TF1-GFP andTF1-BCR-ABL-GFP cell lines were obtained by transductionwith amurine stem cell
virus-based retroviral vector encoding either the enhanced green ﬂuorescent protein cDNAalone (EGFP) as a
control or the BCR/ABL-cDNAupstream from an IRES-eGFP sequence [42, 64]. EGFP+TF1 cells were sorted
using a BectonDickinson FACSAria.
Adhesionwas performed as described in [68–70]. Fibronectin (Sigma)was coated for 2 h at 37 °Con 96-well
Cellstar dishes (Greiner) using a 50 μg ml−1 ligand solution in sodiumbicarbonate buffer (0.1 mM). Plates were
blockedwith 0.3%BSA in PBS for 1 h at 37 °C.Cells (5.104/well)were labeled for 20min at 37 °Cwith 5 μM
calcein-AM (Molecular Probes) in RMPImedium containing 0.1%BSA (without phenol red). Cells were then
allowed to adhere to the coated plates in triplicate wells for 1 h at 37 °C in the adhesion buffer (PBSwith 0.03%
BSA), before removal of the non-adherent fraction. Finally, the glass coverslipwasmounted on theAFM stage
and the cells were kept in their culturemedium at room temperature.
A.2. Immunoﬂuorescence staining
Cells were seeded at 5×105 cells ml−1 and incubated for 24 h before the experiment. On the one hand, non-
adherent cells were centrifuged onto glass slides with a cytospin 4 (Thermo Scientiﬁc). On the other hand, non-
adherent cells were allowed to adhere on glass cover slips coatedwithﬁbronectin (Sigma) in culture treated
plates (BDBiosciences/Falcon) for 1 h at 37 °C, before removal of the non-adherent fraction. Cells were then
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ﬁxedwith 4%paraformaldehyde for 15min, permeabilizedwith 0.1%TritonX-100 (Sigma-Aldrich) for 10min,
and blockedwith 0.2% gelatin (Sigma-Aldrich) for 30min at room temperature. Theﬁlamentous actin (F-actin)
was labeledwith 1000-fold diluted phalloidin-rhodamin (Sigma-Aldrich) for 30min at room temperature. Cells
werewashed twice andwere then incubated for 1 h at room temperature with a 400-fold diluted rabbit
polyclonal anti-GFP antibody-Alexa Fluor 488 conjugate (Life Technologies). Finally, cells were washed twice
and subsequently the nuclei were labeledwith 2000-fold dilutedDAPI (Sigma-Aldrich) inmountingmedium
(Sigma-Aldrich). Controls for nonspeciﬁcity and autoﬂuorescencewere performed by incubating cells without
phallodin-rhodamin or by incubating TF1 cells with the rabbit polyclonal anti-GFPAlexa Fluor 488 conjugate.
Fluorescence images were taken using a spectral confocalmicroscope TCS SP5AOBS (Leica) (Formore details
see [45, 70]).
A.3. CSK structure alterations in transduced adherent cells revealed by confocalﬂuorescencemicroscopy
To investigate the structural transformation of the actin CSK consecutive to BCR-ABL transduction, we
performed two different types ofmicroscopy studies: (i) confocalmicroscopy [45, 70] onﬁxedTF1 andTF1-
BCR-ABL cells where both F-actin and the nucleuswere stained (ﬁgure 3), and (ii) quantitative phase
microscopy [71–73] fromwhich an important disorganization of the internal cell compartments was put into
light by enhanced optical phase gradients. In BCR-ABL-transduced TF1 cells, juxtanuclear actin aggregates were
found in almost 30%of the cells in addition to the cortical F-actin staining [45] (ﬁgure 3(b)). Very likely these
structures were induced by the oncogene since theywere rarely observed in the parental TF1 cell line
(ﬁgure 3(a)). Consistently BCR-ABL-transduced cells showed fewer actin stressﬁbers as compared to TF1 cells
in adhesion. Themechanical conﬁnement of the TF1-BCR-ABL cells onto adherentﬁbronectin surfaces
enlightens the interplay between the oncogene BCR-ABL and actinmicroﬁlaments,making theirmorphological
changes quite visible byﬂuorescencemicroscopy (ﬁgure 3). These observations indicate that transducing TF1
cells with BCR-ABL likely disrupts their actinCSK cohesion and inhibit their crawlingmotility [45].
A.4.Mechanical indentation experiments andFICs recording
FICswere recorded fromAFMcantilever deﬂection signals, when indenting the cell (approach curves) atﬁxed
scan velocityV0=1 μm s
−1 with aCellHesion system equippedwith a 15−200 μmmotorized stage, from JPK
Instruments AG (www.jpk.com)mounted on an invertedmicroscope.We used pyramidal shape tip cantilevers
(SNL-10, Bruker)with a nominal spring constant of 0.06 nN nm−1. Prior to each experiment, the deﬂection
sensitivity of the cantilever was estimated on fused silica and the cantilever spring constant kwas calibrated by
the thermal noisemethod in between 0.05 and 0.15 Nm−1 by directly recording their free ﬂuctuations in buffer
solution, computing their power spectrumdistribution and ﬁtting these curves with Lorentzian distributions
[74]. Cells were prepared by letting suspended cells adhere on glass cover slips coatedwithﬁbronectin (Sigma) in
culture treated plates (BDBiosciences/Falcon) for 1 h at 37 °C, and the non-adherent fractionwas removed
beforemounting the coverslip on the AFM stage. During AFM recording, the cells were kept in their culture
medium at room temperature (24 °C). To reduce variability, indentationwas carried out at the center of each
cell within 2 h after removing cells from the incubator, to probe the perinuclear CSK that is known to play a
protective andmechanical conﬁning role for the underlying nucleus and itsmulti-scale functions [75]. In all the
experiments, cell sizes were evaluated from transmissionmicroscopy images. To avoid these cells slipping away
from the cantilever during the indentation, we immobilized themon aﬁbronectin-coated coverslip before AFM
probing. Interaction of the integrins at the cellmembranewith theﬁbronectin-coated surface not only conﬁnes
cellmovements on the glass surface but alsomodiﬁes its CSK architecture, inducing a cascade ofmolecular
events leading to cell spreading and higher adherence [76]. Actually, thisﬁbronectin adhesion assaymimics to
some extent the fact that, under physiological conditions, hematopoietic cells are not in suspension in their
human bonemarrowniche but actively adhere to the stroma and to proteins of the extracellularmatrix [42, 68].
If we deﬁneZ as the distance of the cantilever tip to the sample surface:Z=Ztip−Zsurf, the contact pointZc
corresponds to the tip position touching the sample surfacewithout being deﬂected.Zc is taken as origin of the
FICs inﬁgures 1(c) and (d). Overall, one approach/retract experiment lasts a few seconds, which is shorter than
the characteristic remodeling time by activemolecularmotors. A key issue in the analysis of FICs is the
determination ofZc for very softmaterials, like living cells. Tomaster this practical signal-to-noise issue, we used
awavelet-based decomposition of the FICs and their derivatives [36, 39] that likely achieved some compromise
between a too strong smoothing of the force derivative that wouldwipe out the non-contact to contact
transition, and a toomild smoothing of the force thatwould suffer from anoise estimation of the contact points
(see ﬁgures S2 and S3 (see footnote 11)). Once the cell is deformed by the cantilever,Z>Zc,Z−Zc reads as the
sumof two terms, respectively the cell indentation h and the ratio of the force F and the cantilever spring
constant k [77]:
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Z Z h F k. A1c- = + ( )
The nominal spring constant k of the cantilever (k=0.06 nN nm−1)was chosen large enough for the cantilever
deﬂection to be small compared to the cell deformation.Nevertheless, we have substracted the correcting term
from the FICs for energy integral computation.Note that this correcting termdoes not affect the computation of
the second-order derivative of the force.
Appendix B. Time–frequency analysis of FICs
B.1.Historical introduction to thewavelet transform
Thewavelet transform is amathematical time–frequency (time scale) decomposition of signals introduced in the
early 1980s [78]. Thewavelet transformhas been applied to a great variety of situations in physics, physical
chemistry, biology, signal and image processing,material engineering,mechanics, economics, epidemicsK [75,
79–84]. Real experimental signals are very often nonstationary (they contain transient components), andwhen
they are complex or singular, theymay also involve a rather wide range of frequencies. It also happens that
experimental signals display characteristic frequencies that drift in time. Standard Fourier analysis is therefore
inadequate in these situations, since it provides only statistical information about the relative contributions of
the frequencies involved in the analyzed signal. The possibility to perform simultaneously a temporal and
frequency decomposition of a given signal was ﬁrst proposed byGabor for the theory of communication [85].
Later on, two distinct approaches (based on different wavelet transforms)were developed in parallel: (i) a
continuouswavelet transform (CWT) [78, 82] and (ii) a discrete wavelet transform [80]. For singular (self-
similar ormulti-fractal) signals or images, the CWT transform rapidly became a predilectionmathematical
microscope to perform space (or time)-scale analysis and to characterize scale invariance properties. In
particular it was used to generalize box-counting techniques [86] and to remedy the limitations of structure
functionmethods [87] in elaborating a statistical physics formalism ofmultifractals [81, 84, 87–92].
During the past 30 years, the CWTwas used for biological applications, on both 1D signals and 2D images
[75, 83, 84, 93–107]. As far as 1D signals are concerned, the CWTwas applied toAFM force curves collected
from single living plant cells [39], living hematopoietic stem cells [36, 45] and toAFM ﬂuctuation signals to
characterize the passivemicrorheology of livingmyoblasts [108]. The 1DCWTwas also generalized to 2D (and
to 3D)CWT [79, 83, 84, 96] and it proved again its versatility and power for analyzing AFM topographic images
of biosensors [109],ﬂuorescencemicroscopy images of chromosome territories [98] and diffraction phase
microscopy of living cells [71–73].
B.2.Wavelet-based decomposition of FICs
Viscoelastic theories developed during the second half of the twentieth century have led to general hereditary
integral representation of stress-strain relationships for the indentation of linear viscoelasticmaterials by
axisymmetric indenters [110]:
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whereG(t) is the stress relaxationmodulus, F is the loading force, h describes the displacement of the indenter
and n is a positive integer which depends on the shape of the indenter. The stress relaxationmodulusG(t) retains
the strain-ratememory of the deformation. For a pyramidal indenter tip [38], we have n=1 and C tan1 q p= ,
where θ is the nominal tip half-angle:
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Since the cantilever is swept at constant velocityV0, Z V td d0= , the stress relaxationmodulusG can be rewritten
as:
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meaning that the change ofGwithZ is an important quantity that is stored in thewhole deformation story. This
relation establishes that the stress relaxationmodulus can be obtained from the second derivative of the
indentation force curvewith respect toZ, without assuming a priori a particular viscoelastic or plastic cellular
model.
Practically, we used a time–frequency adaptative wavelet-basedmethod to computeG(Z) fromFICs.Within
the norm 1 , the one-dimensionalWTof a signal F(Z) reads [78–82]:
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where b is a spatial coordinate (homologous toZ) and s (> 0) a scale parameter. In the context of this study, we
concentrated on the family of analyzingwavelets obtained from the successive derivatives of theGaussian
function [75, 81–84] (see ﬁgure S2(a) (see footnote 11)):
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Let us deﬁne theﬁrst derivative of theGaussian function (seeﬁgure S2(b) (see footnote 11)):
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and its second derivative, also called theMexican hatwavelets (seeﬁgure S2(c) (see footnote 11)):
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Via one (resp. two) integration(s) by part, it is straightforward to demonstrate [75, 81–84, 90] that theWTof F
with theﬁrst (resp. the second) derivative of aGaussianwavelet at scale s,W F b s,g 1 [ ]( )( ) (resp.W F b s,g 2 [ ]( )( ) ) is
precisely theﬁrst (resp. second) derivative of a smooth versionW F b s,g 0 [ ]( )( ) of F by aGaussian function at the
same scale s:
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Let us point out that the validity of theWTdeﬁnition (equation (B4))was further extended for distributions
includingDirac distributions [81, 82, 90, 111]. The interest of theWTmethod is two-fold. Theﬁrst advantage is
to use the same smoothing function toﬁlter out the experimental background noise and to compute higher-
order derivatives (for instance up to second-order in this study) at a well deﬁned smoothing scale sg. The second
advantage relies on the power of theWT to detect local singularities (including rupture events in the FICs) and to
quantify their force via the estimate of local oH¨lder exponents from the behavior across scales of theWT
modulusmaxima [75, 81–84, 87–92]. In this study, we usedmodiﬁed versions [45] of the deﬁnition
(equation (B4)) of theWT to get a directmeasure of F in nN (T F b s,g 0 [ ]( )( ) ), dF/dZ in nN nm−1 (T F b s,g 1 [ ]( )( ) )
and F Zd d2 2 in Pascal (T F b s,g 2 [ ]( )( ) ), once smoothed by aGaussianwindow (g Z0 ( )( ) ) ofwidth s:
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Figure S3 (see footnote 11) illustrates on a single FIC (approach and retract curves) the computation of the
wavelet-based force derivatives. Let us point out that from equations (B1)–(B3), we get the following expression
for the stress relaxationmodulus [36, 39, 45]:
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B.3. Tracking the rupture events in FICs
The protocol that we have elaborated to track singular events in FICs is shown inﬁgures 1(e) and (f). The optimal
wavelet scale to computeG(Z) via equation (B13)wasﬁxed to w s2 2 42 nm= = . Noticing that the FIC
disruption events occurred in between two consecutiveminimaGm andmaximaGM of F Z Zd d2 2( )
(ﬁgure 1(f)), we took the localminimaGm as searching criteria.We deﬁned a threshold Gm∣ ∣ for the distribution
ofGm values computed on a representative set of FICs, to discriminate the disruption events from the
background noise. The prominence of these negative peakswas set to G 50m ∣ ∣ kPa. In the right neighborhood
of these peaks, we searched for a localmaxima of F Z Zd d2 2( ) with a peak prominence 20 kPa.Gm andGM are
marked by black symbols inﬁgure 1(f). From the two positions ofGm andGMwe could then detect the beginning
and the end of the disruption events represented by blue symbols in ﬁgure 1(e). The distance between these two
positionswas denoted asΔZ. Finally, the force dropΔFwas corrected, taking into account the increasing trend
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of the FIC after the rupture event. A linear interpolation of the FIC in a small interval (∼30 nm) beyond the local
minima of the FIC gave the best interpolation.
B.4. Statistical analysis of rupture events in FICs
The normalized histograms obtained for Zlog10 D( ), Flog10 D( ) and Elog10( ) for the rupture events detected in
the two sets of FICs fromhealthy andCML cells were ﬁtted (nonlinear least square ﬁtmethod) by the sumof two
Gaussian distributions:
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where the indices 1 and 2 refer to ductile and brittle rupture events respectively.μ1 (resp.μ2) andσ1 (resp.σ2) are
themean and root-mean-square of the randomvariable Y Xlog10= ( ). The arithmetic and the geometrymeans
ofX are X=E X 10 ln 10 22= m s+[ ] ( ) and X=˜ GM X 10= m[ ] respectively. The parameterα in equation (B14)
quantiﬁes the statistical contribution (%) of brittle events as compared to the contribution 1−α (%) of ductile
rupture events. Inﬁgure 6, a two component Gaussianmixturemodel was used to disentangle the p.d.fs of
Elog10( ) corresponding to brittle rupture events and ductile rupture events.
AppendixC. Simulations of the released energy cascademodel
Tomimic the released energy distributions observed experimentally for both ductile and brittle rupture events,
in normal andCML cells (ﬁgures 2(e) and (f)), we have generated 1.2×106 realizations of themultiplicative
process deﬁned by equation (2) usingΔE0=12 kBT as initial threshold andΔE
*=0 (ﬁgures 4, 5, and also
ﬁgures S6, S7 and S12 and table S1 (see footnote 11)) or 4 kBT (ﬁgure 6, table 1) as the energy cascade arrest cut-
off ( E EN 1 *D < D+ ). ForΔE*=0, we have systematically investigated the dependence of the p.d.fs of the
number of cascade stepsN and of the corresponding released energyE on the three parameters a0, aˆ andΔa. As
long as N is not too small,P(N) is well approximated by aGaussian distribution (ﬁgure 4)whosemean increases
when increasing a0 or aˆ, or when decreasingΔa, ﬁxing the two other parameters (see ﬁgure S6 (see footnote
11)), in good agreementwith the theoretical prediction (equation (8)). Interestingly, the corresponding P(E)
turns out to bewell approximated by a log-normal distribution (ﬁgures 5(a) and (b)).When using the parameter
dependence of Elog10 and Elog10s ( ) versus a0, aˆ andΔa (seeﬁgure S7 (see footnote 11)), we realized that we could
ﬁt the experimental log-normal distributions by ﬁxing a0=1.3 (>1) and adjusting aˆ andΔa tomatch the
parametersμi andσi estimated from log-normal ﬁts of the data for ductile and brittle events in both normal and
CML cells (seeﬁgure S12 and table S1 (see footnote 11)).When using a ﬁnite energy cut-offΔE*=4 kBT
consistent with the experimental estimate of ABPunbinding energy [46], we still were able to quantitatively
reproduce the log-normal distributions of released energy observed experimentally for parameter values
reported in table 1 (ﬁgure 6). Note that with this ﬁniteΔE* cut-off, some departure fromGaussian tail is
observed inP(N) for smallN (seeﬁgure S10 (see footnote 11)), and in turn in P Elog10( ( )) for small Elog10( )
values (ﬁgure 6), as the signature of a lack of statistical convergence of the shortest rupture cascades. Interestingly
this departure seems also to be present in the experimental P Elog10( ( )) distributions (ﬁgure 6).
References
[1] HoffmanBDandCrocker J C 2009Cellmechanics: dissecting the physical responses of cells to forceAnnu. Rev. Biomed. Eng. 11
259–88
[2] Chauviere A, Preziosi L andVerdier C (ed) 2010CellMechanics: From Single Scale-BasedModels toMultiscaleModeling (Boca Raton,
FL: CRCPress)
[3] Brunner C,Niendorf A andKäs J A 2009 Passive and active single-cell biomechanics: a new perspective in cancer diagnosis SoftMatter
5 2171–8
[4] Kai F, Laklai H andWeaver VM2016 Forcematters: biomechanical regulation of cell invasion andmigration in diseaseTrends Cell
Biol. 26 486–97
[5] Fabry B,MaksymG, Butler J, GlogauerM,NavajasD and Fredberg J 2001 Scaling themicrorheology of living cells Phys. Rev. Lett. 87
148102
[6] HoffmanBD,MassieraG, VanCitters KMandCrocker J C 2006The consensusmechanics of culturedmammalian cells Proc. Natl
Acad. Sci. USA 103 10259–64
[7] GardelML,Kasza KE, BrangwynneCP, Liu J andWeitzDA 2008Mechanical response of cytoskeletal networksMethods Cell Biol. 89
487–519
[8] LielegO, ClaessensMMAE andBauschAR 2010 Structure and dynamics of cross-linked actin networks SoftMatter 6 218–25
[9] Kollmannsberger P and Fabry B 2011 Linear andnonlinear rheology of living cellsAnnu. Rev.Mater. Res. 41 75–97
[10] Broedersz C P andMackintosh FC 2014Modeling semiﬂexible polymer networksRev.Mod. Phys. 86 995–1036
[11] Rigato A,Miyagi A, Scheuring S andRico F 2017High-frequencymicrorheology reveals cytoskeleton dynamics in living cellsNat.
Phys. 13 771–5
15
New J. Phys. 20 (2018) 053057 S Polizzi et al
[12] Wagner B, TharmannR,Haase I, FischerM andBauschAR 2006Cytoskeletal polymer networks: themolecular structure of cross-
linkers determinesmacroscopic properties Proc. Natl Acad. Sci. USA 103 13974–8
[13] Broedersz C P, StormC andMacKintosh FC 2008Nonlinear elasticity of composite networks of stiff biopolymers with ﬂexible linkers
Phys. Rev. Lett. 101 118103
[14] Kollmannsberger P,Mierke CT and Fabry B 2011Nonlinear viscoelasticity of adherent cells is controlled by cytoskeletal tension Soft
Matter 7 3127–32
[15] FletcherDA andMullins RD 2010Cellmechanics and the cytoskeletonNature 463 485–92
[16] Huber F, Schnauss J, Ronicke S, Rauch P,Muller K, Futterer C andKäs J 2013 Emergent complexity of the cytoskeleton: from single
ﬁlaments to tissueAdv. Phys. 62 1–112
[17] Blanchoin L, Boujemaa-Paterski R, Sykes C and Plastino J 2014Actin dynamics, architecture andmechanics in cellmotility Physiol.
Rev. 94 235–63
[18] Ehrlicher A J, KrishnanR,GuoM, BidanCM,WeitzDA and PollakMR2015Alpha-actinin binding kineticsmodulate cellular
dynamics and force generation Proc. Natl Acad. Sci. USA 112 6619–24
[19] Julicher F, Kruse K, Prost J and Joanny J F 2007Active behavior of the cytoskeleton Phys. Rep. 449 3–28
[20] DosRemedios CG,ChhabraD, KekicM,Dedova IV, TsubakiharaM, BerryDA andNosworthyN J 2003Actin binding proteins:
regulation of cytoskeletalmicroﬁlamentsPhysiol. Rev. 83 433–73
[21] Tseng Y, Kole TP, Lee J SH, Fedorov E, Almo SC, Schafer BWandWirtzD 2005How actin crosslinking and bundling proteins
cooperate to generate an enhanced cellmechanical responseBiochem. Biophys. Res. Commun. 334 183–92
[22] EsueO, Tseng Y andWirtzD 2009Alfa-actinin and ﬁlamin cooperatively enhance the stiffness of actinﬁlament networksPLoSOne 4
1–6
[23] WinkelmanD, Suarez C,HockyGM,Harker A J,Morganthaler AN, Christensen J R, VothGA, Bartles J R andKovarDR 2016
Fascin- and alpha-actinin-bundled networks contain intrinsic structural features that drive protein sortingCurr. Biol. 26 2697–706
[24] Wolff L, Fernandez P andKroyK 2010 Inelasticmechanics of sticky biopolymer networksNew J. Phys. 12 053024
[25] GralkaMandKroyK 2015 Inelasticmechanics: a unifying principle in biomechanicsBiochim. Biophys. Acta 1853 3025–37
[26] Fredberg J J, InouyeD,Miller B,NathanM, Jafari S, Raboudi SH, Butler J P and Shore S A 1997Airway smoothmuscle, tidal stretches,
and dynamically determined contractile statesAm. J. Respir. Crit. CareMed. 156 1752–9
[27] BonakdarN,GerumR,KuhnM, SpörrerM, Lippert A, SchneiderW,Aifantis KE and Fabry B 2016Mechanical plasticity of cellsNat.
Mater. 15 1090–5
[28] SongY, ChenX,DabadeV, Shield TWand James RD2013 Enhanced reversibility and unusualmicrostructure of a phase-
transformingmaterialNature 502 85–8
[29] Antonaglia J, Xie X, Schwartz G,WraithM,Qiao J, Shang Y, LiawPK,Uhl J T andDahmenA 2014Tuned critical avalanche scaling in
bulkmetallic glasses Sci. Rep. 4 4382
[30] Perez-Reche F J 2017Modeling avalanches inmartensitesAvalanches in FunctionalMaterials andGeophysics ed EKHSalije et al
(Dordrecht: Springer) pp 99–136
[31] RadmacherM2002Measuring the elastic properties of living cells by the atomic forcemicroscopeMethods Cell Biol. 68 67–90
[32] Mahaffy R E, Park S, Gerde E, Käs J and ShihCK2004Quantitative analysis of the viscoelastic properties of thin regions ofﬁbroblasts
using atomic forcemicroscopyBiophys. J. 86 1777–93
[33] Azeloglu EU andCosta KD2011Atomic forcemicroscopy inmechanobiology:measuringmicroelastic heterogeneity of living cells
MethodsMol. Biol. 736 303–29
[34] Abidine Y, Laurent VM,Michel R,Duperray A andVerdier C 2013Microrheology of complex systems and living cells usingAFM
Comput.Methods Biomech. Biomed. Eng. 16 15–6
[35] Haase K and PellingAE 2015 Investigating cellmechanics with atomic forcemicroscopy J. R. Soc. Interface 12 20140970
[36] Laperrousaz B, Berguiga L, Nicolini F E,Martinez-Torres C, ArneodoA,Maguer-Satta V andArgoul F 2016Revealing stiffening and
brittlening of chronicmyelogenous leukemia hematopoietic primary cells through their temporal response to shear stress Phys. Biol.
13 03LT01
[37] HertzH1881About the contact of solid elastic bodies [Über die berührung fester elastischer Körper] J. Reine Angew.Math. 92 156–71
[38] Sneddon IN1965The relation between load and penetration in the axisymmetric Boussinesq problem for a punch of arbitrary proﬁle
Int. J. Eng. Sci. 3 47–57
[39] Digiuni S, Berne-Dedieu A,Martinez-Torres C, Szecsi J, BendahmaneM,ArneodoA andArgoul F 2015 Single cell wall nonlinear
mechanics revealed by amulti-scale analysis of AFM force-indentation curvesBiophys. J. 108 2235–48
[40] SavonaMandTalpazM2008Getting to the stemof chronicmyeloid leukaemiaNat. Rev. Cancer 8 341–50
[41] JonesD 2010Neoplastic Hematopathology: Experimental andClinical Approches (NewYork:Humana Press Inc.)
[42] Laperrousaz B, Jeanpierre S, SagornyK,Voeltzel T, Ramas S, Kaniewski B, FfrenchM, Salesse S,Nicolini F E andMaguer-Satta V 2013
Primitive CML cell expansion relies on abnormal levels of BMPs provided by the niche andBMPRIb overexpression Blood 122
3767–77
[43] McWhirter J R andWang J Y 1993An actin-binding function contributes to transformation by the BCR-ABL oncoprotein of
Philadelphia chromosome-positive human leukemias EMBO J. 12 1533–46
[44] ChengK, Kurzrock R,QiuX, Estrov Z, Ku S,Dulski KM,Wang J Y J andTalpazM2002Reduced focal adhesion kinase and paxillin
phosphorylation in BCR-ABL-transfected cellsCancer 95 440–50
[45] Laperrousaz B, DrillonG, Berguiga L, Nicolini F, Audit B,Maguer-Satta V, ArneodoA andArgoul F 2016 From elasticity to
inelasticity in cancer cellmechanics: a loss of scale-invarianceAIPConf. Proc. 1760 020040
[46] Ferrer JM, LeeH,Chen J, Pelz B, Nakamura F, KammRDand LangM J 2008Measuringmolecular rupture forces between single
actinﬁlaments and actin-binding proteinsProc. Natl Acad. Sci. USA 105 9221–6
[47] KestenH 1973Randomdifference equations and renewal theory for products of randommatricesActaMath. 131 207–48
[48] MitzenmacherM2004Abrief history of generativemodels for power law and lognormal distributions InternetMath. 1 226–51
[49] Malevergne Y, PisarenkoV and Sornette D 2011Testing the Pareto against the lognormal distributions with the uniformlymost
powerful unbiased test applied to the distribution of citiesPhys. Rev.E 83 036111
[50] Meyers RA (ed) 2009Encyclopedia of Complexity and Systems Science (NewYork: Springer)
[51] Barabasi A-L andAlbert R 1999 Emergence of scaling in randomnetworks Science 286 509–12
[52] Bak P 1996HowNatureWorks: The Science of Self-Organized Criticality (NewYork: Springer)
[53] Sornette D 2006Critical Phenomena inNatural Sciences. Chaos, Fractals, Self-Organization andDisorder: Concepts and Tools (Springer
Series in Synergetics) 2nd edn (Heidelberg: Springer)
16
New J. Phys. 20 (2018) 053057 S Polizzi et al
[54] Perez-Reche F J, TrigueroC, ZanzotttoG andTruskinovsky L 2016Origin of scale-free intermittency in structural ﬁrst-order phase
transitions Phys. Rev.B 94 144102
[55] Mandelbrot B 1982The Fractal Geometry of Nature (NewYork: Academic)
[56] ArneodoA, Bacry E andMuzy J F 1998Random cascades onwavelet dyadic trees J.Math. Phys. 39 4142–64
[57] FrischU 1995Turbulence: The Legacy of Kolmogorov (NewYork: CambridgeUniversity Press)
[58] Gibrat R 1931 Les Inégalités Economiques (Paris: Librairie du ‘Recueil Sirey’)
[59] BeaulieuN2012An extended limit theorem for correlated lognormal sums IEEETrans. Commun. 60 23–6
[60] Streppa L, DevinA, Schaeffer L, ArneodoA andArgoul F 2018 Prestressed cells are prone to cytoskeleton failures under localized shear
strain: an experimental demonstration onmuscle precursor cells Sci. Rep. accepted (https://doi.org/10.1038/s41598-018-26797-4)
[61] Sharon E and Fineberg J 1996Microbranching instability and the dynamic fracture of brittlematerials Phys. Rev.B 54 7128–39
[62] McWhirter J R andWang J Y J 1991Activation of tyrosine kinase andmicroﬁlament-binding functions of c-ABL by BCR sequences in
BCR-ABL fusion proteinsMol. Cell. Biol. 11 1553–65
[63] PasternakG,HochhausA, Schultheis B andHehlmannR1998Chronicmyelogenous leukemia:molecular and cellular aspects
J. Cancer Res. Clin. Oncol. 124 643–60
[64] ZhangX andRenR 1998BCR-ABL efﬁciently induces amyeloproliferative disease and production of excess interleukin-3 and
granulocyte-macrophage colony-stimulating factor inmice: a novelmodel for chronicmyelogenous leukemiaBlood 92 3829–40
[65] ZhaoRC, Jiang Y andVerfaillie CM2001Amodel of human p210bcr/ABL-mediated chronicmyelogenous leukemia by
transduction of primary normal humanCD34+ cells with a BCR/ABL-containing retroviral vectorBlood 97 2406–12
[66] Clarkson B, Strife A,WisniewskiD, LambekCL and LiuC 2003Chronicmyelogenous leukemia as a paradigmof early cancer and
possible curative strategies Leukemia 17 1211–62
[67] Melo J V andBarnesD J 2007Chronicmyeloid leukaemia as amodel of disease evolution in human cancerNat. Rev. Cancer 7 441–53
[68] Maguer-Satta V, Forissier S, Bartholin L,Martel S, Jeanpierre S, Bachelard E andRimokhR 2006Anovel role forﬁbronectin type I
domain in the regulation of human hematopoietic cell adhesiveness through binding to follistatin domains of FLRG and follistatin
Exp. Cell. Res. 312 434–42
[69] Jeanpierre S,Nicolini F E, Kaniewski B,Dumontet C, RimokhR, PuisieuxA andMaguer-Satta V 2008 BMP4 regulation of human
megakaryocytic differentiation is involved in thrombopoietin signalingBlood 112 3154–63
[70] Laperrousaz B 2015Role of themicroenvironment inmaintenance and resistance of leukemic stem cells in chronicmyelogenous
leukemia. BMPpathway andmechanical forces PhDThesisEcoleNormale Supérieure de Lyon
[71] Martinez-Torres C, Berguiga L, Streppa L, Boyer-Provera E, Schaeffer L, Elezgaray J, ArneodoA andArgoul F 2014Diffraction phase
microscopy: retrieving phase contours on living cells with awavelet-based space-scale analysis J. Biomed. Opt. 19 036007
[72] Martinez-Torres C, Laperrousaz B, Berguiga L, Boyer-Provera E, Elezgaray J, Nicolini F E,Maguer-Satta V, ArneodoA andArgoul F
2015Deciphering the internal complexity of living cells with quantitative phasemicroscopy: amultiscale approach J. Biomed. Opt. 20
096005
[73] Martinez-Torres C, Laperrousaz B, Berguiga L, Boyer Provera E, Elezgaray J, Nicolini F E,Maguer-Satta V, ArneodoA andArgoul F
2016 Enlightening intracellular complexity of living cells with quantitative phasemicroscopy Proc. SPIE 9718 97182C
[74] KimM-S, Choi J-H,Kim J-H andPark Y-K 2010Accurate determination of spring constant of atomic forcemicroscope cantilevers
and comparisonwith othermethodsMeasurement 43 520–6
[75] ArneodoA,Vaillant C, Audit B, Argoul F, D’Aubenton-Carafa Y andThermesC 2011Multi-scale coding of genomic information:
fromDNA sequence to genome structure and function Phys. Rep. 498 45–188
[76] ChoquetD, FelsenfeldDP and SheetzMP1997 Extracellularmatrix rigidity causes strengthening of integrin-cytoskeleton linkages
Cell 88 39–48
[77] Cappella B andDietler G 1999 Force–distance curves by atomic forcemicroscopy Surf. Sci. Rep. 34 1–104
[78] GrossmannA andMorlet J 1984Decomposition ofHardy functions into square integrable wavelets of constant shape SIAM J.Math.
Anal. 15 723–36
[79] Meyer Y (ed) 1992Wavelets and their Applications (Berlin: Springer)
[80] Daubechies I 1992Ten Lecture onWavelets (Philadelphia, PA: Society for Industrial andAppliedMathematics)
[81] ArneodoA, Bacry E andMuzy J 1995The thermodynamics of fractals revisited withwavelets PhysicaA 213 232–75
[82] Mallat S 1998AWavelet Tour of Signal Processing (NewYork: Academic)
[83] ArneodoA, Audit B,DecosterN,Muzy J F andVaillant C 2002Wavelet basedmultifractal formalism: application toDNA sequences,
satellite images of the cloud structure an stockmarket dataThe Science of Disasters: ClimateDisruptions, Heart Attacks andMarket
Crashes edABunde et al (Berlin: Springer) pp 26–102
[84] ArneodoA, Audit B, Kestener P andRoux S 2008Wavelet-basedmultifractal analysis Scholarpedia 3 4103
[85] GaborD 1946Theory of communication J. Inst. Electr. Eng. 93 429–57
[86] ArneodoA,GrasseauG andKostelich E J 1987 Fractal dimensions and f(alpha) spectrumof theHenon attractor Phys. Lett.A 124
426–32
[87] Muzy J F, Bacry E andArneodoA1993Multifractal formalism for fractal signals: the structure-function approach versus the wavelet-
transformmodulus-maximamethod Phys. Rev.E 47 875–84
[88] Muzy J F, Bacry E andArneodoA1991Wavelets andmultifractal formalism for singular signals: application to turbulence dataPhys.
Rev. Lett. 67 3515–8
[89] Bacry E,Muzy J F andArneodoA1993 Singularity spectrumof fractal signals fromwavelet analysis: exact results J. Stat. Phys. 70
635–74
[90] Muzy J F, Bacry E andArneodoA1994Themultifractal formalism revisited withwavelets Int. J. Bifurcation Chaos 4 245–302
[91] Delour J,Muzy J F andArneodoA 2001 Intermittency of 1D velocity spatial proﬁles in turbulence: amagnitude cumulant analysis
Eur. Phys. J.B 23 243–8
[92] Audit B, Bacry E,Muzy J F andArneodoA2002Wavelet-based estimators of scaling behavior IEEETrans. Inf. Theory 48 2938–54
[93] Ivanov PC, Amaral L A,Goldberger A L,Havlin S, RosenblumMG, Struzik ZR and StanleyHE 1999Multifractality in human
heartbeat dynamicsNature 399 461–5
[94] Ivanov PC,NunesAmaral L A, Goldberger A L,Havlin S, RosenblumMG, StanleyHE and Struzik ZR 2001 From1/fnoise to
multifractal cascades in heartbeat dynamicsChaos 11 641–52
[95] Goldberger A L, Amaral L AN,Hausdorff JM, Ivanov PC, PengCK and StanleyHE 2002 Fractal dynamics in physiology: alterations
with disease and aging Proc. Natl Acad. Sci. USA 99 2466–72
[96] ArneodoA,DecosterN, Kestener P andRoux SG2003Awavelet-basedmethod formultifractal image analysis: from theoretical
concepts to experimental applicationsAdv. Imaging Electr. Phys. 126 1–92
17
New J. Phys. 20 (2018) 053057 S Polizzi et al
[97] BriannaCaddle L, Grant J L, Szatkiewicz J, VanHase J, Shirley B J, Bewersdorf J, CremerC, ArneodoA,Khalil A andMills KD2007
Chromosome neighborhood composition determines translocation outcomes after exposure to high-dose radiation in primary cells
Chromosome Res. 15 1061–73
[98] Khalil A, Grant J L, Caddle LB, AtzemaE,Mills KD andArneodoA 2007Chromosome territories have a highly nonspherical
morphology and nonrandompositioningChromosome Res. 15 899–916
[99] SnowC J, GoodyM,KellyMW,Oster EC, Jones R, Khalil A andHenryCA 2008Time-lapse analysis andmathematical
characterization elucidate novelmechanisms underlyingmusclemorphogenesis PLoSGenet. 4 e1000219
[100] SnowC J, PetersonMT,Khalil A andHenryCA 2008Muscle development is disrupted in zebraﬁsh embryos deﬁcient forﬁbronectin
Dev. Dyn. 237 2542–53
[101] Grant J, Verrill C, CousthamV, ArneodoA, Palladino F,Monier K andKhalil A 2010 Perinuclear distribution of heterochromatin in
developing C. elegans embryosChromosome Res. 18 873–85
[102] GoodyMF, KellyMW, LessardKN,Khalil A andHenryCA 2010Nrk2b-mediated {NAD}+ production regulates cell adhesion and
is required formusclemorphogenesis in vivoDev. Biol. 344 809–26
[103] Batchelder KA, TanenbaumAB, Albert S, Guimond L, Kestener P, ArneodoA andKhalil A 2014Wavelet-based 3D reconstruction of
microcalciﬁcation clusters from twomammographic views: new evidence that fractal tumors aremalignant and Euclidean tumors are
benign PLoSOne 9 e107580
[104] Gerasimova E, Audit B, Roux S-G, Khalil A, GilevaO, Argoul F,NaimarkO andArneodoA 2014Wavelet-basedmultifractal analysis
of dynamic infrared thermograms to assist in early breast cancer diagnosis Frontiers Physiol. 5 176
[105] RichardCD, TanebaumA,Audit B, ArneodoA,Khalil A and FrankelWN2015 SWDreader: a wavelet-based algorithmusing spectral
phase to characterize spike-wavemorphological variation in geneticmodels of absence epilepsy J. Neurosci.Methods 242 127–40
[106] Gerasimova-Chechkina E, Toner B,Marin Z, Audit B, Roux SG, Argoul F, Khalil A, GilevaO,NaimarkO andArneodoA 2016
Comparativemultifractal analysis of dynamic infrared thermograms and x-raymammograms enlightens changes in the environment
ofmalignant tumors Frontiers Physiol. 7 336
[107] Marin Z, Batchelder KA, Toner BC,Guimond L,Gerasimova-Chechkina E,HarrowAR,ArneodoA andKhalil A 2017
Mammographic evidence ofmicroenvironment changes in tumorous breastsMed. Phys. 44 1324–36
[108] Martinez-Torres C, ArneodoA, Streppa L, Argoul P andArgoul F 2016 Passivemicrorheology of softmaterials with atomic force
microscopy : awavelet based spectral analysisAppl. Phys. Lett. 108 034102
[109] RolandT, Khalil A, TanenbaumA, Berguiga L,Delichère P, Bonneviot L, Elezgaray J, ArneodoA andArgoul F 2009Revisiting the
physical processes of vapodeposited thin goldﬁlms on chemicallymodiﬁed glass by atomic force and surface plasmonmicroscopies
Surf. Sci. 603 3307–20
[110] Cheng Y-T andChengC-M2004 Scaling, dimensional analysis, and indentationmeasurementsMater. Sci. Eng.R 44 91–149
[111] Mallat S andHwangWL1992 Singularity detection and processingwithwavelets IEEE Trans. Inf. Theory 38 617–43
18
New J. Phys. 20 (2018) 053057 S Polizzi et al
